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DESCRIPTION 

Soft Magnetic Material and Dust Core and Method of Manufacturing the Same 

5 Technical Field 

The present invention generally relates to a soft magnetic material and a dust 
core and a method of manufacturing the same, and more particularly, to a soft magnetic 
material and a dust core including metal magnetic particles covered with an insulating 
film and a method of manufacturing the same. 
10 Background Art 

Conventionally, attempts have been made to provide electric and electronic 
components such as motor and transformer cores having higher densities and smaller 
sizes to meet the demand for more precise control using small electric power, which has 
lead to development of soft magnetic materials used in fabricating such electric and 
15 electronic components which provide improved magnetic properties particularly in the 
middle to high frequency range. 

In conjunction with such soft magnetic materials, Japanese Patent Laying-Open 
No. 2002-246219, for example, discloses a dust core in which magnetic properties can 
be maintained during use in high temperatures and a method of manufacturing such a 
20 core (Patent Document 1). According to the method disclosed in Patent Document 1, 
an atomized iron powder covered with a phosphate film is first mixed with a 
predetermined amount of polyphenylene sulfide (PPS resin) and then undergoes 
compression molding. The resulting molding is heated in air at a temperature of 320°C 
for one hour and then heated at a temperature of 240°C for another hour. It is then 
25 cooled to fabricate a dust core. 

Patent Document 1 : Japanese Patent Laying-Open No. 2002-246219 
Disclosure of the Invention 

Problems to be Solved by the Invention 
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The dust core thus fabricated may include numerous distortions (dislocations, 
defects) in its interior, which will prevent the movement of domain walls (change in 
magnetic flux), resulting in a decrease in magnetic permeability of the dust core. The 
dust core disclosed in Patent Document 1 experiences heat treatment twice as a molding 
5 and still fails to properly eliminate internal distortion. Consequently, the effective 

permeability of the resulting dust core, which may vary depending on the frequency and 
the content of the PPS resin, always remains at low values of 400 or below. 

It may also be contemplated to perform the heat treatment on the molding at 
higher temperatures in order to reduce distortion within the dust core to an acceptable 
10 level. However, the phosphate compound covering the atomized iron powder has a 
low heat resistance and thus degenerates during heat treatment at high temperature. 
This results in a phosphate covered atomized iron powder with increased eddy current 
loss between particles, which may reduce the permeability of the dust core. 

An object of the present invention, therefore, is to solve the above problems by 
15 providing a soft magnetic material and a dust core that provides desirable magnetic 
properties and a method of manufacturing the same. 
Means for Solving the Problems 

A soft magnetic material according to an aspect of the present invention includes 
a plurality of composite magnetic particles. Each of the plurality of composite 

20 magnetic particles has: a metal magnetic particle including iron; a lower film surrounding 
the surface of the metal magnetic particle and including a nonferrous metal; and an 
insulating upper film surrounding the surface of the lower film and including at least one 
of oxygen and carbon. The nonferrous metal has an affinity with the at least one of 
oxygen and carbon included in the upper film that is greater than such affinity of iron. 

25 In a soft magnetic material with this configuration, the lower film provided 

between the metal magnetic particle and the insulating upper film is capable of 
preventing oxygen or carbon in the upper film from diffusing into the metal magnetic 
particle during the heat treatment of the soft magnetic material since the lower film 
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includes a nonferrous metal with an affinity with oxygen or carbon larger than that of 
iron in the metal magnetic particle, which promotes the reaction of oxygen and carbon 
with the nonferrous metal and captures them in the lower film, thereby preventing 
oxygen and carbon from infiltrating into the metal magnetic particle (gettering effect). 
5 This minimizes the increase in the impurity concentration within the metal magnetic 

particle and thereby prevents degeneration of the metal magnetic particle in its magnetic 
properties. Preventing oxygen and carbon from diffusing into the metal magnetic 
particle also minimizes the decrease in the oxygen and carbon contents in the upper film, 
thus preventing decomposition or degradation of the upper film which would result in 

10 lower insulation in the upper film. 

A soft magnetic material according to another aspect of the present invention 
includes a plurality of composite magnetic particles. Each of the plurality of composite 
magnetic particles has: a metal magnetic particle including iron; a lower film surrounding 
the surface of the metal magnetic particle and including a nonferrous metal; and an 

15 insulating upper film surrounding the surface of the lower film and including at least one 
of oxygen and carbon. The nonferrous metal has a diffusion coefficient with respect to 
the at least one of oxygen and carbon included in the upper film that is smaller than such 
diffusion coefficient of iron. 

In a soft magnetic material with this configuration, the lower film provided 

20 between the insulating upper film and the metal magnetic particle is capable of reducing 
the diffusion of oxygen or carbon in the upper film into the metal magnetic particle 
during heat treatment of the soft magnetic material, since the lower film includes a 
nonferrous metal with a diffusion coefficient with respect to oxygen or carbon smaller 
than that of iron included in the metal magnetic particle, such that the diffusion rate of 

25 oxygen and carbon toward the metal magnetic particle from the upper film is reduced at 
the lower film, which prevents oxygen and carbon from infiltrating into the metal 
magnetic particle (barrier effect), which minimizes the increase in impurity concentration 
in the metal magnetic particle and thus prevents deterioration in magnetic properties of 
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the metal magnetic particle. Preventing oxygen and carbon from diffusing into the 
metal magnetic particle also minimizes the decrease in the oxygen and carbon content in 
the upper film, thus preventing decomposition or degradation of the upper film, which 
would result in lower insulation in the upper film. 
5 Thus, these inventions allow performing a heat treatment at high temperatures 

on a soft magnetic material without causing degeneration of the metal magnetic particle 
and the insulating upper film. 

Preferably, the nonferrous metal includes at least one selected from the group 
consisting of aluminum (Al), chromium (Cr), silicon (Si), titanium (Ti), vanadium (V) 
10 and nickel (Ni). In a soft magnetic material with this configuration, these materials 

either have large affinity with oxygen or carbon, or have small diffusion coefficient with 
respect to oxygen or carbon compared with iron. Consequently, the above advantages 
may be produced by at least one of the gettering effect and the barrier effect from the 
lower film. 

15 In addition, reaction between these materials and oxygen or carbon may result in 

increased electric resistance of the lower film, where the lower film may cooperate with 
the upper film to function as an insulator. Further, these materials do not impair soft 
magnetic properties of the metal magnetic particle when they form a solid solution with 
iron included in the metal magnetic particle, preventing deterioration in magnetic 

20 properties of the soft magnetic material. 

Preferably, the lower film has an average thickness of not less than 50 nm and 
not more than 1 |j.m. In a soft magnetic material with this configuration, an average 
thickness of the lower film not less than 50 nm ensures the gettering or barrier effect 
from the lower film. Also, since the average thickness of the lower film lies at not 

25 more than 1 jxm, a molding fabricated using a soft magnetic material of the present 
invention has no metal magnetic particle too much spaced apart from another. This 
prevents diamagnetism between metal magnetic particles (energy loss due to magnetic 
poles in metal magnetic particles), thereby minimizing increased hysteresis loss due to 
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diamagnetism. In addition, the nonmagnetic layer's proportion in volume within the 
soft magnetic material can be minimized, minimizing the decrease in saturation flux 
density. 

Preferably, the upper film includes at least one selected from the group 
5 consisting of a phosphorus compound, a silicon compound, an aluminum compound, a 
zirconium compound and a titanium compound. In a soft magnetic material with this 
configuration, these materials have good insulation which reduces the eddy current 
between metal magnetic particles still more effectively. 

Preferably, the upper film has an average thickness of not less than 10 nm and 

10 not more than 1 |j.m. In a soft magnetic material with this configuration, an average 
thickness of the upper film not less than 10 nm minimizes tunneling current in the film, 
thereby minimizing increased eddy current loss due to tunneling current. Further, since 
the average thickness of the upper layer lies at not more than 1 |am, a molding fabricated 
using a soft magnetic material of the present invention has no metal magnetic particle 

15 too much spaced apart from another. This prevents diamagnetism between metal 
magnetic particles and minimizes increased hysteresis loss due to diamagnetism. 
Furthermore, the nonmagnetic layer's proportion in volume within the soft magnetic 
material can be minimized, minimizing the decrease in saturation flux density. 

A dust core according to the present invention is fabricated using any of the soft 

20 magnetic materials described above. In a dust core with this configuration, heat 

treatment at high temperatures achieves satisfactory reduction in distortion within the 
dust core, thereby providing improved magnetic properties in that the hysteresis loss is 
reduced. At the same time, despite the heat treatment at high temperatures, the 
insulating upper film protected by virtue of the lower film may provide improved 

25 magnetic properties in that the eddy current loss is reduced. 

Preferably, the dust core further includes an organic matter disposed between the 
plurality of composite magnetic particles to join the plurality of composite magnetic 
particles together and including at least one selected from the group consisting of a 



- 5 - 



polyethylene resin, a silicone resin, a polyamide resin, a polyimide resin, a polyamide 
imide resin, an epoxy resin, a phenolic resin, an acrylic resin and a polytetrafluorothylene. 
In a dust core with this configuration, these organic matters firmly join the plurality of 
composite magnetic particles together and function as a lubricant during the pressure- 
5 forming of the soft magnetic material, thereby preventing the composite magnetic 

particles from rubbing against each other which would otherwise damage the upper film. 
Thus, the strength of the dust core may be improved and the eddy current loss may be 
reduced. Further, since the metal magnetic particle is covered with the lower film, 
oxygen or carbon included in these organic matters can be prevented from diffusing into 

10 the metal magnetic particle. 

A method of manufacturing the dust core according to the present invention 
includes the steps of: by pressure-forming the plurality of composite magnetic particles, 
forming a molding; and heat-treating the molding at a temperature of not less than 
500°C. In a method of manufacturing a dust core with this configuration, a 

15 temperature for the heat treatment performed on the molding not less than 500°C can 

reduce distortion within the dust core to a satisfactory degree. Further, despite the fact 
that the molding may be exposed to such high temperatures, the lower film may act to 
prevent degeneration of the metal magnetic particle and the insulating upper film. 
Effects of the Invention 

20 As described above, the present invention may provide a soft magnetic material 

and a dust core providing desirable magnetic properties and a method of manufacturing 
the same. 

Brief Description of the Drawings 

Fig. 1 is a schematic cross section of a dust core fabricated using a soft magnetic 
25 material in an embodiment of the present invention. 

Fig. 2 is an enlarged schematic view showing the area defined by the phantom 
line II in Fig. 1 , where the lower film is formed of a nonferrous metal with an affinity 
with oxygen or carbon larger than that of iron. 
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Fig. 3 is an enlarged schematic view showing the area defined by the phantom 
line II in Fig. 1, where the lower film is formed of a nonferrous metal with a diffusion 
coefficient with respect to oxygen or carbon smaller than that of iron. 

Fig. 4 is a graph showing the crystalline magnetic anisotropy of iron with which 
5 various metals form a solid solution versus the content of the metals in the solid solution. 
Description of the Reference Characters 

10 metal magnetic particle, 20 lower film, 30 upper film, 40 composite magnetic 
particle, 50 organic matter 
Best Modes for Carrying Out the Invention 
10 Embodiments of the present invention will now be described with reference to 

the drawings. 

Referring to Fig. 1, a soft magnetic material includes a plurality of composite 
magnetic particles 40 each including a metal magnetic particle 10, a lower film 20 
surrounding metal magnetic particle 10 and an upper film 30 surrounding lower film 20. 

15 An organic matter 50 is disposed between composite magnetic particles 40, which is 
formed of, for example, a polyethylene resin, a silicone resin, a polyamide resin, a 
polyimide resin, a polyamide imide resin, an epoxy resin, a phenolic resin, an acrylic 
resin and a polytetrafluoroethylene (Teflon ®). A dust core is formed by composite 
magnetic particles 40 joined together by the engagement of protrusions and recesses on 

20 composite magnetic particles 40 or joined together by an organic matter 50. 

It should be noted that organic matter 50 is not necessarily provided in the 
present invention, and composite magnetic particles 40 may only be joined together by 
the engagement of protrusions and recesses on composite magnetic particles 40. 

Metal magnetic particle 10 includes iron (Fe) and is made of, for example, iron 

25 (Fe), iron (Fe)-silicon (Si) based alloys, iron (Fe)-nitrogen (N) based alloys, iron (Fe)- 
nickel (Ni) based alloys, iron (Fe)-carbon (C) based alloys, iron (Fe)-boron (B) based 
alloys, iron (Fe)-cobalt (Co) based alloys, iron (Fe)-phosphorus (P) based alloys, iron 
(Fe)-chromium (Cr) based alloys, iron (Fe)-nickel (Ni)-cobalt (Co) based alloys and iron 
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(Fe)-aluminum (Al)-silicon (Si) based alloys. Metal magnetic particle 10 may be made 
of iron only or an iron-based alloy. 

Metal magnetic particle 1 0 preferably has an average size of not less than 5 [im 
and not more than 300 |im. An average size of metal magnetic particle 10 of not less 
than 5 |am reduces the likelihood of metal magnetic particle 10 being oxidized, thereby 
providing improved magnetic properties of the dust core. An average size of metal 
magnetic particle 10 of not more than 300 jam avoids a decrease in compressibility of 
powder during the pressure-forming. Thus, the density of the molding provided by the 
pressure-forming can be increased. 

The average size used herein means the particle size at which the sum of the 
masses of the particles of smaller size in a histogram of particle size measured by 
screening method reaches 50% of the total mass, i.e. 50% particle size D. 

Lower film 20 includes a nonferrous metal such as aluminum, chromium, silicon, 
titanium, vanadium or nickel. Table 1 shows the affinity of nonferrous metals forming 
lower film 20 with carbon and oxygen as well as the affinity of iron with carbon and 
oxygen. Table 1 shows primary compounds produced by the reaction between these 
metals and carbon and oxygen as well as the heat generated during the reaction, where 
greater absolute values of heat generated indicate greater affinities with carbon or 
oxygen. 



[Table 1] 





Affinity with Carbon 


Affinity with Oxygen 


Metal 


Primary 


Generated Heat (@ 25°C) 


Primary 


Generated Heat (@ 25 °C) 




Product 


(kJ/mol) 


Product 


(kJ/mol) 


Al 


AI4C3 


-3675 


A1 2 0 3 


-1677 


Cr 


Cr 3 C 2 


-2721 


Cr 2 0 3 


-1129 


Ni 


none 




NiO 


-241 


Si 


SiC 


-1240 


Si0 2 


-910 


Ti 


TiC 


-5900 


TiO 


-805 


V 


VC 


-1245 


V 2 0 3 


-1219 


Fe 


FeaC 


-1109 


FeO 


-264 



Referring to Table 1, it can be seen that the affinities of aluminum, chromium, 
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silicon, titanium and vanadium with carbon and oxygen are greater than the affinity of 
iron with carbon and oxygen. While there is no carbide for nickel, its affinity with 
oxygen lies at the same level with the affinity of iron with oxygen. 

Table 2 shows the diffusion coefficient of nonferrous metals forming lower film 
20 with respect to carbon and oxygen as well as the diffusion coefficient of iron with 
respect to carbon and oxygen. The diffusion frequency coefficient Do and the diffusion 
activation energy Q in Table 2 are measured at temperatures ranging from about 500°C 
to 900°C, and the diffusion coefficient D and the diffusion distance L are measured at a 
temperature of 600°C. 
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Referring to Fig. 2, it can be seen that the diffusion coefficients of chromium, 
nickel, titanium and vanadium with respect to carbon are smaller than the diffusion 
coefficient of iron with respect to carbon. It can also be seen that the diffusion 
coefficients of nickel, silicon, titanium and vanadium with respect to oxygen are smaller 
5 than the diffusion coefficient of iron with respect to oxygen. Accordingly, lower film 
20 is formed of a nonferrous metal with large affinity with carbon or oxygen, a 
nonferrous metal with small diffusion coefficient with respect to carbon or oxygen, or a 
nonferrous metal with large affinity with carbon or oxygen and with small diffusion 
coefficient with respect to carbon and oxygen compared with iron. 

10 Lower film 20 preferably has an average thickness of not less than 50 nm and not 

more than 1 \xm. The average thickness used herein means the estimated thickness 
derived from the film composition provided by composition analysis (transmission 
electron microscope energy dispersive X-ray spectroscopy (TEM-EDX)) and the 
element weight provided by inductively coupled plasma-mass spectrometry (ICP-MS), 

15 after which the film is observed directly on a TEM picture to confirm the order of the 
derived estimated thickness. 

Upper film 30 includes oxygen or carbon and is formed of a material that is at 
least electrically insulating, such as a phosphorus compound, a silicon compound, an 
aluminum compound, a zirconium compound and a titanium compound. These 

20 materials include iron phosphate containing phosphorus and iron as well as manganese 
phosphate, zinc phosphate, calcium phosphate, aluminum phosphate, silicon oxide, 
titanium oxide, aluminum oxide or zirconium oxide. Organic metal compounds such as 
a silicone resin may also be used. Upper film 30 preferably has an average thickness of 
not less than 10 nm and not more than 1 n.m. The average thickness used herein is 

25 determined in the same way as that described above. 

Upper film 30 functions as an insulator between metal magnetic particles 10. 
Covering metal magnetic particle 10 with upper film 30, increased electric resistivity p 
of the dust core can be achieved. This minimizes the eddy current between metal 
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magnetic particles 10 and thereby reducing the iron loss of the dust core due to eddy 
current loss. 

A soft magnetic material in an embodiment of the present invention includes a 
plurality of composite magnetic particles 40. Each of composite magnetic particles 40 
includes: a metal magnetic particle 10 including iron; a lower film 20 surrounding metal 
magnetic particle 10 and including a nonferrous metal; and an insulating upper film 30 
surrounding lower film 20 and including at least one of oxygen and carbon. The 
nonferrous metal has an affinity with the at least one of oxygen and carbon included in 
upper film 30 that is greater than such affinity of iron. The nonferrous metal has a 
diffusion coefficient with respect to the at least one of oxygen and carbon included in 
upper film 30 that is smaller than such diffusion coefficient of iron. 

A method of manufacturing a dust core as shown in Fig. 1 will now be described. 
A lower film 20 is first formed on the surface of a metal magnetic particle 10, and an 
upper film 30 is formed on the surface of lower film 20 to fabricate a composite 
magnetic particle 40. Composite magnetic particle 40, together with an organic matter 
50, is introduced into a mold and undergoes pressure-forming at a pressure ranging from 
700MPa to 1500MPa, for example. In this way, composite magnetic particle 40 is 
compressed to provide a molding. Pressure-forming may be performed in air, although 
it is preferably performed in an inert gas atmosphere or in an atmosphere at reduced 
pressure to minimize the oxidation of composite magnetic particle 40 from oxygen in the 
air. 

Here, organic matter 50 is located between adjacent composite magnetic 
particles 40 and prevents upper films 30 provided on their respective composite 
magnetic particles 40 from rubbing against each other. Thus, upper film 30 is not 
damaged during the pressure-forming. 

The molding provided by the pressure-forming is then heat-treated at a 
temperature of not less than 500°C and not more than 900°C in order to remove 
distortions or dislocations within the molding. During the heat treatment, lower film 
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20 formed between metal magnetic particle 10 and upper film 30 acts to prevent oxygen 
and carbon included in upper film 30 or organic matter 50 from diffusing into metal 
magnetic particle 10. In this regard, description will be made separately of a lower film 
20 formed of a material including a nonferrous metal with large affinity with oxygen or 
carbon and of a lower film 20 formed of a material including a nonferrous metal with 
small diffusion coefficient with respect to oxygen or carbon compared with iron. 

Referring to Fig. 2, the drawing assumes that lower film 20 is formed of 
aluminum and upper film 30 is formed of a phosphate compound. Here, oxygen 
included in upper film 30 and organic matter 50 and carbon included in organic matter 
50 diffuse to lower film 20 and toward metal magnetic particle 10 during the heat 
treatment of the molding. However, since lower film 20 is made of aluminum, which 
has an affinity with oxygen and carbon larger than that of iron, lower film 20 promotes 
the reaction of aluminum with oxygen and carbon, incessantly generating reaction 
product i.e. AI2O3 and AI4C3, which prevents oxygen and carbon from infiltrating into 
metal magnetic particle 10. 

In addition, aluminum, chromium and silicon oxides have increased electric 
resistance over metal alone, such that lower film 20, in addition to upper film 30, may 
function as an insulator between metal magnetic particles 10 after the heat treatment. 
Even when some nonferrous metal exists in the form of an oxide, the gettering effect can 
be obtained when the amount of oxygen is not more than that of the stoichiometry 
composition. Thus, increased electric resistance can be achieved by the production of 
oxide by arranging for the lower film to be an oxide of a nonferrous metal satisfying the 
composition range where oxygen is less than that of the stoichiometry composition. Its 
examples include amorphous materials such as amorphous nonferrous metals (Al, Cr, 
Si)-oxygen (O), amorphous nonferrous metals (Al, Cr, Si)- phosphorus (P)-oxygen (O), 
and amorphous nonferrous metals (Al, Cr, Si)-boron (B)-oxygen (O). 

Referring to Fig. 3, the drawing assumes that lower film 20 and upper film 30 are 
formed of nickel and a phosphate compound, respectively. Here, lower film 20 is 
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formed of nickel which has a diffusion coefficient with respect to oxygen or carbon 
smaller than that of iron, which reduces the diffusion rate of oxygen and carbon in lower 
film 20 thereby preventing oxygen and carbon from infiltrating into metal magnetic 
particle 10. 

5 Although the functions of lower film 20 have been separately described referring 

to Figs. 2 and 3 for convenience, lower film 20 may be formed of a nonferrous metal 
with large affinity with carbon or oxygen and with small diffusion coefficient with 
respect to carbon or oxygen compared with iron, where lower film 20 exhibits the both 
functions described referring to Figs. 2 and 3, which further ensures that oxygen and 

10 carbon are prevented from infiltrating into metal magnetic particle 10. 

Nonferrous metals forming lower film 20 such as aluminum, chromium, silicon, 
titanium, vanadium and nickel may react with iron within metal magnetic particle 10 
without impairing soft magnetic properties of metal magnetic particle 10. Referring to 
Fig. 4, which shows the crystalline magnetic anisotropy of iron with which various 

15 metals form a solid solution versus the content of the metals in the solid solution, the 
crystalline magnetic anisotropy decreases as the content of aluminum or other metals 
increases. This demonstrates that a nonferrous metal forming lower film 20 may react 
with iron resulting in an alloyed metal magnetic particle 10 without impairing soft 
magnetic properties of metal magnetic particle 10. 

20 After the heat treatment, the molding undergoes an appropriate treatment such 

as extrusion or cutting to provide a finished dust core as shown in Fig. 1 . 

A soft magnetic material with this configuration and a dust core fabricated using 
such soft magnetic material may reduce diffusion of oxygen and carbon into metal 
magnetic particle 10 despite heat treatment at a high temperature of not less than 500°C. 

25 Consequently, the concentration of oxygen and carbon included in upper film 30 does 
not dramatically decrease, such that the insulation in upper film 30 is maintained. In 
this way, upper film 30 ensures insulation between metal magnetic particles 10, thereby 
reducing the eddy current loss of the dust core. 
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Meanwhile, heat treatment at high temperatures achieves a satisfactory reduction 
of distortion within the dust core. Moreover, since diffusion of oxygen and carbon into 
metal magnetic particle 10 is minimized, the concentration of impurities in metal 
magnetic particle 10 does not increase. Thus, the hysteresis loss of the dust core can 
5 be decreased to a satisfactory level. Thus, a dust core may be achieved that provides 
low iron loss in wide frequency range. 

Examples 

A soft magnetic material of the present invention was evaluated in the examples 
provided below. 

10 An atomized pure iron powder commercially available from Hoeganaes 

Corporation (product name "ABC100.30 M , purity 99.8% or more) was first procured for 
metal magnetic particle 10. A lower film 20 with an average thickness of 10 nm was 
then formed upon metal magnetic particle 10 using vacuum deposition, plating, sol-gel 
method or Bonde process, and an upper film 30 with an average thickness of 100 nm 

15 was then formed using sol-gel method or Bonde process to provide powder, i.e. 

composite magnetic particle 40. Aluminum, chromium, nickel, silicon and amorphous 
aluminum-phosphorus-oxygen were used for lower film 20, while an Si glass (Si-O 
compound) was used for upper film 30. For comparison, a powder with only an upper 
film 30 without a lower film 20 was also prepared. 

20 Organic matter 50, i.e. a polyphenylene sulfide (PPS) resin, was then added in a 

proportion of 0.1% by mass to the powder and the resulting mixed powder was 
pressure-formed at a surface pressure of 1275MPa (=13 ton /cm 2 ) to form a molding. 
The molding was then heat-treated in a nitrogen atmosphere for one hour at different 
temperatures ranging from 300°C to 900°C. From these steps, several dust core 

25 materials were fabricated with different types of lower film. 

A coil was then wound uniformly around the fabricated dust core materials (300 
turns for the primary and 20 turns for the secondary), and magnetic properties of the 
dust core materials were evaluated. The evaluation employed a BH tracer from 
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RikenDenshi Co., Ltd. (ACBH-100K) and used an excitation flux density of lOkG 
(kilogauss) and a measurement frequency of 1000Hz. Table 3 shows the hysteresis 
loss coefficient Kh, the eddy current loss coefficient Ke and the iron loss Wio/iooo for 
each dust core material from the measurements. 
5 The iron loss W is given by the sum of the hysteresis loss and the eddy current 

loss, and determined by the following equation based on the hysteresis loss coefficient 
Kh, eddy current loss coefficient Ke and frequency f: 
W = Kh x f+Ke x f2 

The smaller the coercivity He i.e. the better the soft magnetic properties, the 

10 smaller the hysteresis loss coefficient Kh becomes. The better the insulation between 

particles and the greater the total resistance in the dust core, the smaller the eddy current 
loss coefficient Ke becomes. That is, the lower the coercivity and the higher the 
resistance, the smaller the hysteresis loss coefficient Kh and eddy current loss coefficient 
Ke become, which means smaller hysteresis loss and eddy current loss, resulting in a 

15 smaller iron loss. In general, the higher the temperature at which the dust core is heat- 
treated, the larger the amount of decrease in distortion becomes, which leads to a 
decrease in the coercivity He and hysteresis loss coefficient Kh. However, heat 
treatment at high temperature may deteriorate the insulation film, resulting in an 
unsatisfactory insulation between particles, where some magnetic particles act as one 

20 particle with large size with respect to the skin thickness. In this case, the surface 

current due to the skin effect is significant, and both hysteresis loss and eddy current loss 
dramatically increase. When derived from the iron loss in such conditions using the 
above equation, both the hysteresis loss coefficient Kh and eddy current loss coefficient 
Ke will be a significantly increased, which in the present embodiment corresponds to the 

25 case where heat treatment was conducted at temperatures above the upper limit 
temperatures in the tables below. 
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As can be seen from Table 3, the dust core materials without lower film 20 
exhibited increased eddy current loss coefficients at the heat treatment temperatures of 
400°C and above, while the dust core materials with aluminum, chromium and nickel as 
lower film 20 had an upper limit temperature of 600°C at which the eddy current loss 
5 coefficient begins to increase, and the dust core material with silicon as lower film 20 
had an upper limit temperature of 500°C. The dust core material with amorphous 
aluminum-phosphorus-oxygen as lower film 20 had an upper limit temperature of 500°C. 
In this way, heat treatment at 500°C or higher was possible and, as a result, each lower 
film 20 produced the lowest value of iron loss at its upper limit temperature. For each 

10 film, such value of iron loss was smaller than the lowest iron loss of the material without 
lower film 20, i.e. 175W/kg. 

Further, dust core materials were fabricated under the similar conditions as 
above with average thicknesses of lower film 20 of 500 nm and 1000 nm. However, 
for amorphous aluminum-phosphorus-oxygen, the fabrication was not possible due to 

15 difficulties in the formation of a film of 200 nm or more. Magnetic properties of these 
dust core materials were also evaluated. Tables 4 and 5 show the hysteresis loss 
coefficient Kh, the eddy current loss coefficient Ke and iron loss Wio/iooo for each dust 
core material. Table 4 shows values for a lower film 20 with an average thickness of 
500 nm, while Table 5 shows values for a lower film 20 with an average thickness of 

20 1000 nm. 
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Referring to Table 4, the upper limit temperature at which the eddy current loss 
coefficient begins to increase was 600°C for each dust core material with lower film 20. 
Referring to Table 5, the upper limit temperature for the dust core materials with 
aluminum and chromium as lower film 20 was 700°C, the upper limit temperature for 
the dust core material with nickel as lower film 20 was 800°C, and the upper limit 
temperature for the dust core material with silicon as lower film 20 was 600°C. By 
increasing the average thickness of lower film 20, it was possible to reduce the iron loss 
Wio/iooo to the range from 1 10 W/kg to 120 W/kg. 

It should be understood that the disclosed embodiments and examples above are, 
in all respects, by way of illustration only and are not by way of limitation. The scope 
of the present invention is set forth by the claims rather than the above description and is 
intended to cover all the modifications within a spirit and scope equivalent to those of 
the claims. 

Industrial Applicability 

The present invention is applicable in manufacturing motor cores, 
electromagnetic valves, reactors or other electromagnetic components fabricated from 
pressure-formed soft magnetic powder, for example. 
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